Abstract. We report on the self-assembly behaviour of two homologue series of rod-coil block copolymers in which, the rod, a π-conjugated polymer, is maintained fixed in size and chemical structure, while the coil is allowed to vary both in molecular weight and chemical nature. This allows maintaining constant the liquid crystalline interactions, expressed by Maier-Saupe interactions, ω, while varying the tendency towards microphase separation, expressed by the product between the Flory-Huggins parameter and the total polymerization degree, χN . Therefore, the systems presented here allow testing directly some of the theoretical predictions for the self-assembly of rod-coil block copolymers in a weakly segregated regime. The two rod-coil block copolymer systems investigated were poly(DEH-p-phenylenevinylene-b-styrene), whose self-assembly takes place in the very weakly segregated regime, and poly(DEH-p-phenylenevinylene-b4vinylpyridine), for which the self-assembly behaviour occurs under increased tendency towards microphase separation, hereby referred to as moderately segregated regime. Experimental results for both systems are compared with predictions based on Landau expansion theories. 
Introduction
During the last 25 years many studies have been devoted to the microphase separation of flexible diblock copolymers also named coil-coil block copolymers. More recently, new block copolymers have surfaced bearing mesogenic units or rigid blocks, which confer to these systems a liquid crystalline behaviour [1] [2] [3] [4] . Not only these systems are interesting from a fundamental and theoretical point of view, but they have also a high value and potential in applications such as optoelectronics, photovoltaics [5] [6] [7] [8] [9] [10] [11] , bioapplications [12] , sensoring, etc. The mechanisms leading to equilibrium microseparated phases in flexible coilcoil diblock copolymers, which can be either spherical, hexagonal, bicontinuous gyroid or lamellar, are well understood [13] [14] [15] and the equilibrium microseparated phases can be explained, in principle, by using only two independent parameters: the volume ratio of each block and the segregation parameter expressed as the Flory-Huggins interaction parameter times the degree of polymerization a e-mail: raffaele.mezzenga@unifr.ch (χN ). The rod-coil block copolymer case is by far more complex, as liquid crystalline behaviour is induced by the presence of a rigid block in the block copolymer backbone, which can compete with or even dominate the classical microseparation arising from the positive enthalpy of mixing of the two different blocks. Further degrees of complexity in self-assembly of rod-coil block copolymer systems arise from intermolecular forces frequently occurring among rod-like polymers: in the cases of rod polymers realized by alpha-helices secondary structures in polypeptides, H-bonding can arise in between contiguous rods; similarly, in π-conjugated polymer rods, π-π interactions may form among closely packed rods [16] [17] [18] . Both types of intermolecular forces are expected to greatly affect the phase separation mechanisms. Finally, the strong anisotropy of rod-like blocks introduces large conformational asymmetry effects in rod-coil block copolymers which can have a considerable impact on the perturb self-assembled morphologies compared to coil-coil block copolymers [19] . The steadily increasing number of experimental and theoretical studies devoted to rod-coil block copolymers, has been triggered by the considerable advances in the synthetic routes followed to control their synthesis [5, [20] [21] [22] [23] [24] [25] [26] [27] . In the present study we have taken advantage of the progress made on synthetic strategies to design rod-coil block copolymers, to synthesize two homologue series of rodcoil block copolymers having, respectively, i) the same π-conjugated rod block, ii) different coil polymers of variable molecular weight. This has allowed comparing rodcoil systems differing essentially for their χ, and thus their tendency to microphase separation χN , while keeping virtually constant in both systems the extent of liquid crystalline interactions, expressed by the Maier-Saupe interactions, ω. As a result, the differences in phase separation mechanisms in the two homologue series can be understood relying on the ratio ω/χ, where solely χ is varying. The synthesis of the first series, poly-(diethylhexyloxy-pphenylenevinylene)-b-(styrene) block copolymers (PPVb-PS), was achieved by atom transfer radical polymerization, starting from a PPV macroinitiator. The other block copolymer series, PPV-b-(4-vinylpyridine) (PPV-b-P4VP) was synthesized by anionic polymerization of 4-vinylpyridine and quenching with properly end functionalized PPV [28] . In what follows, the major differences in the self-assembly mechanisms and phase diagrams of these two systems are discussed, and the physics of self-assembly understood based on available Landau-expansion theories [1] .
Experimental section

Materials
PPV-PS and PPV-P4VP were synthesized by atom transfer radical polymerization and anionic synthesis, respectively. Details on the synthetic procedures followed can be found in reference [28] .
Morphological investigation
Annealing procedure PS-PPV block copolymers samples were annealed in a high vacuum (5 × 10 −11 bar) oven according to the following procedure: 4 h at 160
• C and finally 72 h at 140 • C. These temperature steps are necessary to erase the thermal history of the samples and to maintain the blend in the temperature region comprised between the glass transition temperature of PS, 100
• C, and the order-disorder transition temperatures (T ODT ) of rod-coil mesophases.
PPV-P4VP block copolymers were also annealed, under the same vacuum conditions, in two steps in order to erase the thermal history of the samples and to maintain the blend in the temperature region comprised between the glass transition temperature of P4VP, 140
• C, and the T ODT of the respective mesophases. The temperature steps consisted of 2 h at 220
• C followed by 24 h at 160
• C.
Small-and wide-angle X-ray scattering (SAXS and WAXS)
Small-and wide-angles X-ray scattering (SAXS, WAXS) diffractograms were acquired on an Anton-Paar SAXSess instrument equipped with a Kratky camera. About 10 mg of polymer were solvent-cast on a mica sheet. Temperature was regulated in situ up to 200
• C using a homemade sample holder. In the range 150
• C-200
• C, a stable temperature was achieved in the middle of the sample holder after 30 min. All diffractograms at the various isothermal conditions were acquired after one hour temperature equilibration.
Ultramicrotomy
All samples were embedded in a standard fourcomponents epoxy resin (46 wt% Epon 812, 28 wt% (Dodecenyl Succinic Anhydride) DDSA, 25% (Nadic Methyl Anhydride) NMA, 1% (2,4,6-tris (dimethylaminomethyl) phenol) catalyst). In order to avoid diffusion of the resin components into the sample, the resin was pre-cured 90 min at 80
• C before embedding the sample. The sample was finally embedded in the pre-cured epoxy resin, which was cured for 5 h at 70
• C. The samples were then ultramicrotomed on a Reichert-Jung microtome at room temperature. 50 nm thick sections were collected on 600 hexagonal mesh copper grids (EMS T601H-Cu). In PPV-P4VP diblock copolymers, the PPV phase is stained by osmium tetroxide vapor, whereas the staining of the P4VP phase of PPV-P4VP was achieved by exposing collected sections to vapors of iodine for 1 h to 3 h.
Transmission electron microscopy (TEM)
Bright field imaging was performed on a CM100 Philips TEM operated at 80 kV (emission 2). All images were acquired on a SIS Morada CCD camera.
Results and discussion
The molecular characteristics of the four different PPV-b-PS ( Fig. 1(1) ) block copolymers and those of the three PPV-b-P4VP ( Fig. 1(2) ) block copolymers synthesized to assess the differences in self-assembly of rod-coil block copolymers of different χ, are reported in Table 1 and Table the relatively low molecular weight of the PPV block allows considering it as a perfectly rigid rod. It has in fact been previously reported that the persistence length of the DEH-PPV polymer is of the order of 11 nm [29] . The polymers studied in the present work have overall coil-to-rod ratio ranging from 55% to 88% for PPV-b-P4VP and 52% to 82% for PPV-b-PS, which in the case of an analogue coil-coil block copolymer [13] would be expected to lead to lamellar, hexagonal or spherical morphologies. As anticipated, in the case of rod-coil block copolymers, not only the tendency towards microphase separation, χN , is crucial in understanding the phase separation mechanisms, but also the liquid crystalline interactions associated with the presence of rigid blocks, expressed by the MaierSaupe constant ω, describing the rod-rod steric repulsion. The relative importance of these two driving forces, quantified by the ratio ω/χ, leads to different microphaseseparated morphologies: namely, a large value of ω/χ indicating a predominance of the liquid crystalline behavior may drive a hexagonal or spherical phases into a lamellarlike smectic phase. Since we have intentionally maintained unchanged the rod block in both chemical nature and molecular weight, the Maier-Saupe constant is expected to be identical in both block copolymer series, while the difference in the chemical nature of the coil block is expected to induce a change in the interaction parameter χ.
Poly(styrene-b-DEH-p-phenylenevinylene)
Because all the PS-PPV block copolymers synthesized exhibit very similar polydispersity index around 1.5, any influence of the polydispersity on the phase segregation can be ruled out a priori. Figure 2 shows the characteristic structures observed in the polystyrene-based samples after annealing: a remarkable reduction in the structure order of self-assembled block copolymers is observed as soon as the rod volume fraction is increased. Furthermore, with the exception of PS82, which shows a completely amorphous phase, as also confirmed by the complete lack of birefrengency under cross-polarized optical microscopy, all the other systems present a lamellar-like, structure. The long-range order of the lamellar structure depends directly on the volume fraction of the coil, higher fraction corresponding to the observation of lamellar-like clusters in a homogeneous matrix, and lower coil fraction corresponding to long-range lamellar structures. Thus, contrary to what would have been expected in coil-coil systems, neither intermediate cylindrical or spherical phases are observed in between purely isotropic and lamellar phases. This lack of intermediate microphase-separated morphologies is consistent with a low tendency toward phase segregation. Figure 3 reports the medium-angle X-ray scattering data for the same series of samples reported in Figure 2 . Again, with the exception of the block copolymer exhibiting an isotropic phase, the X-ray diffraction patterns of all the other polymers show a sharp peak at 6.5 nm −1 . In a previous work, we have demonstrated that the presence of this peak at 6.5 nm −1 is associated with liquid crystallinity of the system, and more precisely, that it corresponds to the close packing of the PPV rods arranged in a smectic C phase [16] . The presence of the PPV close packing, in all but PS82 samples, is the signature of strong Maier-Saupe interactions. At the same time, the absence of transitions structure between smectic and isotropic phase and the severe loss of organization as the coil fraction is increased by a few percents reveal very low interaction parameter χ between PS and PPV. This 3 . Medium-angle X-ray diffractograms for the PPV-PS block copolymer systems considered. With the exception of PS82, all the other block copolymers exhibit a peak at 6.5 nm −1 , characteristic of the rod-rod close packing.
low value of the Flory-Huggins parameter between PS and PPV is indeed expected to be based on purely chemical similarities between the two blocks. In summary, the rel- Fig. 4 . Comparison between the phase diagram predicted by Landau expansion theories for rod-coil block copolymers with high ω/χ ratios and the microphase separated morphologies experimentally observed for PPV-PS block copolymers. The theoretical phase diagram is redrawn from reference [1] .
ative high values of rod-rod liquid crystalline interactions as well as the low Flory-Huggins parameter between PS and PPV result in a system with a low χ/ω ratio, meaning that the structure formation is mainly driven by the liquid crystalline interactions. Figure 4 , readapted from reference [1] , shows the theoretical phase diagram calculated by Landau-expansion theories for rod-coil block copolymer systems with low χ/ω ratio, and compares it with the structures observed in the present work for PS-PPV block copolymers. As can be observed, only three types of thermodynamic stable phases are expected: smectic C, nematic and isotropic. Therefore, apart from a very narrow nematic region, a direct isotropic-lamellar transition is observed, which is consistent with our experimental evidence. We further note, here, that no evidence of nematic phase has been observed in the series of PS-PPV we have synthesized. A more systematic variation of coil volume fraction between 82% and 65% might be necessary to assess this point. Figure 5 and Figure 6 show the TEM micrographs as well as the small-angle X-ray diffraction patterns of PVP55, PVP80 and PVP88, respectively. Contrary to what was observed in the case of the PS-b-PPV, in the case of the P4VP-b-PPV the variation of the coil volume fraction does not induce a loss of the microphase separated structure but rather systematic modification of the morphology: the block copolymer successively self-assembles into lamellar, hexagonal and spherical phases, as soon as the coil volume fraction is increased from 55% to 88%. The lamellar phase observed on the TEM micrographs of PVP55 is confirmed by the SAXS diffractograms on which two reflections are visible at q 1 = 0.32 nm −1 and q 2 = 0.66 nm −1 , the ratio of which, q 1 : q 2 = 1 : 2 is compatible with a lamellar structure of period 20 nm. The PVP80 TEM micrograph (Fig. 5b) shows a short-range ordered hexagonal structure, further supported by the two peaks observed on the corresponding SAXS diffraction patterns at q 1 = 0.26 nm −1 and q 2 = 0.45 nm −1 (ratio 1 : √ 3). Finally PVP88 undergoes phase segregation into a poorly ordered spherical morphology. At room temperature, among all PPV-P4VP systems reported here, only the PVP55 exhibits the X-ray diffraction pattern (not shown here) typical of systems characterized by rod-rod close packing, in close analogy with PS52, PS55 and PS65 PPV-b-PS block copolymer systems. This peak is however disappearing when the sample is heated to 180
Poly(4-vinylpyridine-b-DEH-p-phenylenevinylene)
• C whereas the lamellar structure remains globally unchanged until 220
• C. This is consistent with a smectic-to-lamellar orderto-order transition at 180
• C. The possibility of switching from smectic to lamellar structures depending on temperature, suggests that microphase segregation tendency and liquid crystalline behavior are relatively equilibrated, and thus, that ω/χ ∼ 1. Since ω is virtually unchanged in the two homologue block copolymer systems considered, this is consistent with an increased Flory-Huggins parameter for PPV-P4VP compared to PPV-PS, as can be expected by the increased chemical dissimilarity between PPV and P4VP. A schematics of the phase diagram theoretically expected by Landau expansion theories for systems with balanced microphase and liquid crystalline behaviors, is redrawn from references [1, 28] in Figure 7 . Remarkably, all the major thermodynamically stable phases predicted theoretically are observed experimentally, and their location in the phase diagram is in excellent agreement with theoretical predictions.
Conclusions
We have discussed the self-assembly behavior of rodcoil block copolymer systems in both weakly and moderately segregated regimes. Two homologue series of rodcoil block copolymer systems having the same rod block, and thus the same Maier-Saupe liquid crystalline interactions, but different coils, and therefore Flory-Huggins interaction parameters between rod and coils, have been synthesized and studied. Upon coil volume fraction increase, the weakly segregated system, PPV-PS, exhibited a sharp transition from smectic C to isotropic phase, while the moderately segregated system, PPV-P4VP, underwent transitions from lamellar to hexagonal to spherical phases. Direct comparison of the self-assembly behavior of the two homologue series has allowed to give insight on the interplay of microphase separation tendency and liquid crystalline interactions in the self-assembly of rod-coil block copolymers. The experimental findings of the present work are in excellent agreement with the Landau expansion theoretical predictions by Rendeers and Ten Brinke for selfassembly of rod-coil block copolymer systems.
